Abstract. For breast boost radiotherapy or accelerated partial breast irradiation, the tumor bed (TB) is delineated by the radiation oncologist on a planning computed tomography (CT) scan. The aim of the present study was to investigate whether the interobserver variability (IOV) of the TB delineation is reduced by providing the radiation oncologist with additional magnetic resonance imaging (MRI) or CT scans. A total of 14 T1-T2 breast cancer patients underwent a standard planning CT in the supine treatment position following lumpectomy, as well as additional pre-and postoperative imaging in the same position. Post-lumpectomy TBs were independently delineated by four breast radiation oncologists on standard postoperative CT and on CT registered to an additional imaging modality. The additional imaging modalities used were postoperative MRI, preoperative contrast-enhanced (CE)-CT and preoperative CE-MRI. A cavity visualization score (CVS) was assigned to each standard postoperative CT by each observer. In addition, the conformity index (CI), volume and distance between centers of mass (dCOM) of the TB delineations were calculated. On CT, the median CI was 0.57, with a median volume of 22 cm 3 and dCOM of 5.1 mm. The addition of postoperative MRI increased the median TB volume significantly to 28 cm 3 (P<0.001), while the CI (P=0.176) and dCOM (P=0.110) were not affected. The addition of preoperative CT or MRI increased the TB volume to 26 and 25 cm 3 , respectively (both P<0.001), while the CI increased to 0.58 and 0.59 (both P<0.001) and the dCOM decreased to 4.7 mm (P=0.004) and 4.6 mm (P=0.001), respectively. In patients with CVS≤3, the median CI was 0.40 on CT, which was significantly increased by all additional imaging modalities, up to 0.52, and was accompanied by a median volume increase up to 6 cm 3 . In conclusion, the addition of postoperative MRI, preoperative CE-CT or preoperative CE-MRI did not result in a considerable reduction in the IOV in postoperative CT-guided TB delineation, while target volumes marginally increased. The value of additional imaging may be dependent on CVS.
Introduction
Radiotherapy following breast-conserving surgery is an integral part of breast-conserving treatment in early-stage breast cancer (1) . Traditionally, the entire breast is irradiated, with an additional boost dose to the tumor bed (TB) in patients with a higher risk of local recurrence (2) . Although the geometric precision of modern radiation dose delivery is high, target delineation uncertainties are often large (3) . In particular, delineation of the TB area, which is performed on the postoperative radiotherapy planning computed tomography (CT) scan, is highly variable among radiation oncologists (4) (5) (6) (7) (8) . This may potentially lead to treatment inaccuracies, which are of particular concern due to the increasing use of Accelerated Partial Breast Irradiation (APBI), in which only the breast tissue surrounding the TB is irradiated. Furthermore, postoperative seroma formation may lead to large TB volumes, which are associated with an increased risk of subcutaneous fibrosis and poorer cosmetic results (9) (10) (11) (12) .
There are a number of potential options to improve TB visualization for standard CT-guided TB delineation. Magnetic resonance imaging (MRI) may have additional value due to its excellent soft-tissue contrast compared with CT. The use of different MRI sequences makes it possible to differentiate between fibroglandular tissue, fluid and fat, while it can also detect the heterogeneity and irregularity of seromas (13) . Another potential strategy for improving CT-guided TB delineation is to increase the observer's knowledge of the original tumor location. Currently, the preoperative diagnostic mammogram or MRI scan are used by the radiation oncologist to reconstruct the original tumor location on the planning CT scan. This diagnostic imaging is not acquired in the supine radiotherapy treatment position, which presents challenges in interpreting the original tumor position on the supine planning CT scan. Preoperative imaging acquired in the treatment position may improve the observer's knowledge regarding the original tumor location and, thereby, potentially reduce interobserver variability (IOV). The addition of a preoperative contrast-enhanced (CE)-CT in the supine radiotherapy treatment position to the standard postoperative planning CT was investigated by Boersma et al (14) , who reported a minor reduction of the IOV. However, in our recent delineation study on preoperative breast tumor delineation, CE-MRI in the radiotherapy supine position was demonstrated to be superior to CE-CT for tumor detection and the visualization of tumor irregularities and spiculations (15) . Therefore, in the current study, CE-CT, which is most commonly available in radiotherapy institutes, and CE-MRI were investigated as additional imaging modalities with which to improve post-lumpectomy CT-guided TB definition.
The aim of the present study was to investigate whether the IOV of standard CT-guided post-lumpectomy TB delineation is reduced through the use of additional postoperative MRI, preoperative CE-CT or preoperative CE-MRI in the supine radiotherapy treatment position.
Materials and methods
Patients and selection. The study population included NTR3198 study patients (15) , who had received CT and MRI scans prior to and following lumpectomy as part of the study to quantify pre-and postoperative treatment volumes. This study was approved by the institutional review committee of the University Medical Center Utrecht (Utrecht, The Netherlands) and registered in the International Clinical Trials Registry. Written informed consent was obtained from all patients. Patients eligible for inclusion had a clinical TNM T1-T2, N0-staged adenocarcinoma of the breast (16), and were scheduled for breast-conserving therapy. Patients with lobular carcinoma, a history of ipsilateral breast surgery, contraindications for 1.5 Tesla MRI or iodine allergy, and patients who received neoadjuvant treatment, were not eligible. Patients were enrolled between November 2011 and November 2012.
Image acquisition. The eligible patients underwent preoperative CE-CT and CE-MRI scans prior to lumpectomy, and a standard planning CT scan directly followed by an MRI scan at a median of 21 days (range, 14-50 days) after lumpectomy. All scans were performed in the supine treatment position.
For CT and MRI, the patients were placed with the arms in abduction and hands above the head at 10˚ inclination and with the use of a knee support (C-Qual ™ and Thorawedge for CT and MRI, respectively; CIVCO Medical Solutions, Reeuwijk, The Netherlands). The tumor or surgical scar was marked on the skin with a CT/MRI compatible wire.
For MRI, a wide bore (70 cm) MRI scanner (Ingenia 1.5T; Philips Medical Systems, Best, The Netherlands) and anterior receive coil were used. To prevent breast deformation by the anterior receive coil, a polymethyl methacrylate support was designed, which was adjustable to patient habitus and breast size. The following three-dimensional high resolution MRI images were used in this study: T1 weighted (T1w) fast field echo (FFE) with and without fat suppression (Dixon), T2 weighted (T2w) turbo spin echo (TSE) with fat suppression [spectral adiabatic inversion recovery (SPAIR)] and preoperative dynamic series of CE T1w Dixon images (17) . The MRI sequence parameters are provided in Table I . The total acquisition times of the pre-and postoperative MRI protocols were 21 and 14 min, respectively.
Target volume delineation.
All the images were transferred to the in-house developed delineation software (18) . The postoperative MRI was registered to the postoperative planning CT by rigid mutual information registration on a box around the tumor, using the T1w images with fat-suppression. The preoperative CE-CT and CE-MRI were registered to the planning CT by automatic registration on the chest wall. Subsequently, four experienced breast radiation oncologists independently delineated the TB, using written delineation instructions. These instructions were formulated in a consensus meeting with all observers, supervised by an experienced breast radiologist. The consensus meeting was repeated once, to answer questions regarding MRI and to discuss ambiguities in the delineation instructions. Delineation took place as follows: Firstly, the observer delineated the TB on standard postoperative planning CT and assigned a cavity visualization score (CVS) of 1 (no cavity visible), 2 (heterogeneous cavity with indistinct margins), 3 (heterogeneous cavity with some distinct margins), 4 (mildly heterogeneous cavity with mostly distinct margins), or 5 (homogeneous cavity with clearly identified margins) (19) . Next, the CT-based delineation was duplicated and adjusted according to findings of the co-registered postoperative MRI, preoperative CT and preoperative MRI. The original CT-guided delineation was duplicated to prevent influencing the data by intraobserver variations and to solely study the influence of additional imaging on this standard delineation method.
Data analysis. The conformity index (CI) and distance between the centers of mass (dCOM) of the TB contours were calculated for all the possible observer pairs. The CI per observer pair was calculated using the following formula: CI = volume of agreement / total encompassing volume. Consequently, a CI of 1 implies a perfect agreement among observers, while a CI of 0 indicates no overlap in delineations. For dCOM, a value of 0 indicates that two delineations are centered at the same position. Median values and accompanying ranges were used to describe the data, as not all variables were normally distributed. A Wilcoxon signed-rank test was performed to compare paired variables using SPSS version 20 (IBM SPSS, Armonk, NY, USA) with a significance level of 0.05. To visualize the effect of additional imaging on the CI, the change in CI per observer pair was plotted against the original CI of that observer pair on CT using GraphPad Prism 6 (GraphPad Software, Inc., La Jolla, CA, USA). Furthermore, these outcomes were categorized as CVS≤3 and CVS≥4.
Results

Patients.
A total of 14 patients were prospectively included in the present study (Table II) . The majority of patients underwent full thickness closure of the excision cavity, which consisted of suturing the deep and superficial layers of the cavity's breast tissue. A representative example of standard postoperative CT, registered to postoperative MRI, preoperative CE-CT and preoperative CE-MRI in one of the patients is shown in Fig. 1 . The different features of the TB as visualized by different MRI sequences are shown in Fig. 2 . Fat suppressed T1w (Fig. 2B) and T2w (Fig. 2D) images enable distinction between fibroglandular tissue and seroma. Surgical clips can be visualized by the T1w images without fat-suppression (Fig. 2C) .
IOV in volume and dCOM. TB delineation determined by the four independent observers resulted in wide ranges in volume, CI and dCOM on standard postoperative planning CT (Table III) , which did not improve with any of the additional imaging methods. The lowest limit of the CI range (CI, 0.00) was observed in cases with an absolute disagreement among observers, with no overlap of TB delineations. This disagreement occurred in one patient with a centrally located TB and a CVS of 1 (no cavity visible), assigned unanimously by all observers. One observer contoured a region different from the other three observers. Excluding this outlier from the analysis did not influence the outcomes. This observer did not cause outliers in any of the other patients. Data analysis revealed that none of the observers deviated from the other observers with regard to volume, CI and dCOM.
Addition of a postoperative MRI to the standard postoperative planning CT did not influence the CI (P=0.176) or dCOM (P=0.110; Table III ). However, the TB volumes increased significantly (P<0.001) with a median increase of 6 cm 3 . Addition of a preoperative CT or MRI significantly increased the CI (P<0.001 for both) and dCOM (P=0.004 and , was observed following the addition of preoperative CE-CT and CE-MRI, respectively (both P<0.001).
The change in CI per observer pair following the addition of an imaging method was plotted against the original CI of that observer pair on standard postoperative CT (Fig. 3) . These outcomes were categorized as CVS≤3 and CVS≥4. 
A B C D
In general, the CI was higher in patients with a high CVS score (Fig. 3, circles) . In these patients, conformity did not increase with the use of additional imaging modalities and significantly decreased following the addition of postoperative MRI (P=0.016). By contrast, in patients with a low CI and a more heterogeneous TB (CVS≤3), an increase in CI was observed, from a median of 0.40 on CT to 0.52 on CT with additional preoperative MRI. In this same subgroup, volumes also increased, from 17 cm 3 on CT to 23 cm 3 on CT with additional postoperative MRI.
Discussion
To the best of our knowledge, the present study was the first to investigate the value of additional pre-and postoperative CT and MRI, with all imaging acquired in the radiotherapy supine position using wide bore CT and MRI scanners, and its effect on the IOV of the TB delineation.
The results indicated that the addition of postoperative MRI did not improve the IOV of standard CT-guided TB delineation. This was unexpected, as the use of different MRI sequences enables differentiation between various soft tissues (Fig. 2) . In the fat-suppressed images, MRI is unique in its clear contrast between seroma and fibroglandular tissue. However, the interpretation of the different MRI sequences in combination with the available patient information appears to be observer-dependent, despite the training and written delineation instructions. The observers were found to expand their target volume rather than reduce their original CT-guided delineation based on the information provided by additional imaging. For instance, in Fig. 1B , the area of seroma and architectural distortion on T2w MRI was included. Furthermore, when the observers were provided with preoperative imaging, they expanded the original CT-based delineation in the direction of the original tumor, and did not adjust, for instance, the medial borders. It appears that observers will expand their contour based on additional information, but are unlikely to reduce it when an area may not be part of the TB. In that case, they seem to favor their interpretation of the standard planning CT, which they are most familiar with. This finding may also explain the volume increase that is observed subsequent to providing additional imaging.
The heterogeneity in CI, as shown in Fig. 3 , indicates that the subgroup of patients with CVS≤3 potentially benefits from the use of MRI, since the CI mostly increases in this subgroup. However, the clinical relevance of this finding is debatable as the median CI following the addition of preoperative MRI for this patient subgroup was only 0.52. Furthermore, these findings must be interpreted with caution, as delineated volumes also increased by a median value of up to 6 cm 3 . It may be of interest to focus on the subgroup of patients with a CVS of ≤3 in future studies in a larger patient cohort, particularly as a higher incidence of these lower CVS scores may be expected with the increasing use of full-thickness closure following lumpectomy.
In line with the results of the present study, Kirby et al (20) reported increased TB volumes delineated on CT-MRI datasets. The current study investigated whether additional MRI, registered to the standard postoperative planning CT, was able to reduce the IOV of TB delineation. In a previous study investigating TB delineation using MRI-only, the conformity among observers was even lower (21) , which is also consistent with the results reported by Giezen et al (22) . However, in a study by Jolicoeur et al (23) , the IOV improved and the volumes were smaller on MRI-only, compared with that of CT-based delineation. This contradiction may be due to the MRI quality and the definition of the TB. In the study by Jolicoeur et al (23) , the TB was defined as an architectural change on primarily T2w MRI. By contrast, in other studies, the TB was reconstructed according to architectural changes, original tumor location on preoperative diagnostic imaging, physical examination and the placement of surgical clips (20, 22) . Furthermore, Jolicoeur et al (23) primarily used T2w sequences, while the present study used multiple sequences. The use of different surgical techniques may also have influenced the differences in outcomes between these studies: The majority of patients in the present study underwent full thickness closure, while Jolicoeur et al (23) excluded patients who underwent oncoplastic techniques, which is likely to have included full thickness closure. Subsequent to suturing the cavity walls, seroma may follow the suturing lines, the shapes of which may be more subject to interpretational differences compared with clearly defined cavity walls in superficially closed cavities (Fig. 2, red and green arrows).
Giezen et al (22) and Jolicoeur et al (23) investigated TB delineation using MRI separately and compared it with CT-guided delineation. In the present study, the additional value of MRI registered to standard postoperative CT was assessed, as this would be the application in clinical practice. In this setting, no added value of postoperative MRI was observed for the general postoperative patient population.
Despite statistically significant differences, no clinically relevant effects of either additional preoperative MRI or CT imaging on the CI of postoperative CT-guided TB delineation were observed in the current study. These findings are consistent with those of Boersma et al (14) , who found no increase in CI following the addition of a preoperative CE-CT.
The study results may be influenced by structural observer outliers, observer training and observer knowledge of MRI interpretation. As there is no gold standard with which to validate the 'correct' imaging modality for TB delineation, consensus among observers is used as an alternative method. Upon the inspection of the data, no observer deviated with regard to volume, CI or dCOM. Even in the presence of guidelines, training and an adequate number of clips, considerable variation exists (24) . A possible limitation of the current study is the small number of patients used. However, with increases and decreases in IOV and volumes, a larger cohort is unlikely to alter the average difference considerably.
For the overall patient population, additional imaging will not improve consistency in TB delineation. However, it may be possible to further improve the IOV of postoperative CT-guided TB delineation. A number of studies have proposed irradiation of the high-risk breast tissue surrounding the tumor prior to lumpectomy, while the tumor remains in situ (15, (25) (26) (27) . This preoperative approach would result in a markedly lower IOV compared with the current standard postoperative treatment (15, 27) . Furthermore, preoperative image-guided target volume definition may be validated using pathological studies as a gold standard, which may improve confidence in an accurate treatment of the high-risk area (28) .
In conclusion, the addition of postoperative MRI, preoperative CE-CT or preoperative CE-MRI did not result in a considerable reduction of the IOV of postoperative CT-guided TB delineation, while target volumes increased marginally. The influence of additional imaging may be dependent on CVS.
